To maintain genomic stability, despite constant exposure to agents that damage DNA, eukaryotic cells have developed elaborate and highly conserved pathways of DNA damage sensing, signalling and repair. In this review, we concentrate mainly on what we know about DNA damage sensing with particular reference to Lcd1p, a yeast protein that functions early in DNA damage signalling, and MDC1 (mediator of DNA damage checkpoint 1), a recently identified human protein that may be involved in recruiting the MRE11 complex to radiation-induced nuclear foci. We describe a model for the DNA damage response in which factors are recruited sequentially to sites of DNA damage to form complexes that can amplify the original signal and propagate it to the multitude of response pathways necessary for genome stability.
Introduction
Our cells are continually bombarded with exogenous and endogenous agents that damage our DNA. The many types of DNA lesion that result from these insults must be detected rapidly, their presence must be signalled to the machineries needed for repair of the different lesions, and they must be repaired swiftly and accurately if the stability of our genome is to be maintained. Failure to do so can result in cell death or in the propagation of mutations that can lead to cancer.
Because DNA damage repair is central to survival both at the cellular and organism level, all cells, from prokaryotes through lower eukaryotes to the cells in multicellular organisms, possess elaborate and often highly conserved systems for DNA damage detection, signalling and repair [1] . The processes involved in DNA repair itself are reasonably well understood and the past decade has seen great advances in our knowledge of how the signal transduction pathways triggered by DNA damage alter cell behaviour. By contrast, we are only now beginning to gain insights into how damage is initially sensed. In this review, we consider some of the recent data on this aspect of genome maintenance, concentrating on what we know about how DNA double-strand breaks (DSBs) -one of the most dangerous forms of damage [2] -are sensed.
Key words: DNA damage sensor, DNA repair Abbreviations used: ATM, ataxia telangiectasia mutated protein; ATR, ataxia telangiectasia and Rad3-related protein; ATRIP, ATR-interacting protein; DNA-PK, DNA-dependent protein kinase; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; DSB, double-strand break; IRIF, ionizing radiation-induced foci; MDC1, mediator of DNA damage checkpoint 1; NHEJ, nonhomologous end joining; PCNA, proliferating cell nuclear antigen; PIKK, phosphatidyl 3-kinase-like kinase; RFC, replication factor C. 1 To whom correspondence should be addressed at The Wellcome Trust/Cancer Research UK Institute of Cancer and Developmental Biology, Tennis Court Road, Cambridge CB2 1QR, U.K.
(e-mail spj13@mole.bio.cam.ac.uk).
What properties does a DNA damage sensor need?
Before discussing what we know about 'real' DNA damage sensors, let us consider the properties that a DNA sensor must have to function effectively. First, a sensor must be able to detect a small number of DNA lesions within the genome of a cell. A single DNA DSB, for example, can be sufficient to cause apoptosis [3] , or can directly inactivate key genes, lead to chromosomal translocations or generate unstable chromosomal abnormalities [4] . At present, we do not really know how this degree of sensitivity can be achieved. Secondly, the sensor needs to trigger events that lead to an amplification of the initial signal so that global cellular changes can ensue (Figure 1 ).
DNA DSBs and their repair
Eukaryotes possess two major repair pathways to deal with DNA DSBs, namely homologous recombination and non-homologous end joining (NHEJ) [2] . In homologous recombination, repair involves pairing between the damaged chromosome and an undamaged homologous DNA template, and in general, no genetic material is lost during the process. By contrast, in NHEJ, the broken DNA ends are brought together and directly ligated, often after limited nuclease digestion to tidy up ragged ends. Consequently, NHEJ usually results in some loss of genetic material. Nevertheless, NHEJ is the predominant pathway for DNA DSB repair in mammals because it is an extremely efficient way to remove potentially lethal DSBs.
Sensing the DSB in NHEJ
Some aspects of DNA damage sensing in homologous recombination are briefly reviewed in [2, 4] , but here, we will concentrate on NHEJ. For NHEJ, at least in mammalian cells, a key player in the initial recognition of the DNA lesion is DNA-dependent protein kinase (DNA-PK) [5] , a member of the phosphatidyl 3-kinase-like family of kinases (PIKKs). DNA-PK comprises a large catalytic subunit (DNA-PKcs) of approx. 450 kDa and two smaller Ku subunits (Ku70 and Ku80). DNA-PKcs can bind weakly to DNA ends, but this activity is greatly stimulated and stabilized by a heterodimer formed by the two Ku subunits (reviewed in [5] ). Recent structural studies have provided intriguing glimpses into how Ku binds to sites of DNA damage. In the crystal structure reported by Walker et al. [6] , the Ku heterodimer forms a ring through which the DNA is threaded. One side of this ring forms a cradle that protects one face of the DNA double helix. The other side of the ring is more open, possibly to allow access to the DNA by other repair factors. The structure helps to explain many of the biochemical data regarding Ku activity, including the observations that Ku makes contact almost exclusively with the sugar-phosphate backbone of the DNA and that the high-affinity binding of Ku to DNA ends is sequence independent [5] . Furthermore, the structure explains how Ku can be threaded on to free DNA ends, but becomes trapped if the DNA is subsequently circularized [7] . Taken together, these results suggest a model in which two Ku heterodimers bind to and bridge the broken DNA ends ( Figure 2 ) [8, 9] . DNA-PKcs is then recruited to the break where it may stabilize the bridge and recruit and/or activate other factors needed for NHEJ and also possibly play a direct role in DNA repair (Figure 2 ).
Ataxia telangiectasia mutated protein (ATM) and ataxia telangiectasia and Rad3-related protein (ATR): their roles in sensing DNA damage
For NHEJ in mammalian cells, we know a reasonable amount about the identity of the primary DNA damage sensor and how it works. However, in addition to the NHEJ pathway (and indeed other repair pathways), cells possess several extremely important signal transduction pathways triggered by DNA damage (checkpoints). The purpose of these is to tell the cell that damage has occurred and to induce a cellcycle delay sufficient to allow DNA damage repair to be completed before DNA replication or cell division occur [1] . Signalling of DNA DSBs to the cell-cycle apparatus seems to occur mainly through the checkpoint kinases ATM and ATR in human cells, and Tel1p and Mec1p in Saccharomyces cerevisiae [10] [11] [12] . All of these molecules, like DNA-PKcs, are PIKKs. ATM is the protein mutated in ataxia telangiectasia, a radiosensitivity and genome instability disorder that is characterized by progressive cerebellar degeneration and increased cancer incidence. ATM and its yeast counterpart Tel1p are not essential proteins. By contrast, ATR and its yeast counterpart Mec1p are essential [10] . Recent work has suggested that all four proteins are intimately involved in sensing DNA damage, predominantly DSBs in the case of ATM, but a wider range of lesions in the case of ATR. It is not clear how these PIKKs become activated by and/or associated with DNA damage [11] . Could it be that, in a manner analogous to that of DNA-PKcs and Ku, these PIKKs associate with sensor subunits to initiate DNA damage checkpoints? If so, what are the sensor subunits?
Over the years, several proteins have been proposed as possible damage sensors [1] . Thus, in S. cerevisiae, two multiprotein complexes have been described that together could sense DNA damage within the Mec1p checkpoint pathway. The first complex comprises Rad17p, Ddc1p and Mec3p, all of which show sequence similarity to the proliferating cell nuclear antigen (PCNA) sliding clamp. The second complex resembles the pentameric replication factor C (RFC), except that the largest subunit, Rfc1p, is replaced by Rad24p, a checkpoint protein. The classical RFC complex, which loads the homotrimeric PCNA onto primer-template junctions, is known as the clamp loader. Orthologues for Rad17p, Ddc1p, Mec3p and Rad24p exist in Schizosacchromyces pombe and humans, and a model was proposed in which the RFC-like complex loads the PCNAlike complex on to DNA at sites of damage. This event could then somehow lead to activation of the DNA damage response kinase, Mec1p in the case of S. cerevisiae (reviewed in [1] ). Recent work has shown that, although the RFC-like and PCNA-like complexes translocate to sites of DNA damage, they are not required for the initial translocation of Mec1p to the damage nor for the phosphorylation of a subset of proximal Mec1p targets, including the core histone H2A [13] . Full Mec1p activation of other downstream targets, such as the kinases Rad53p and Chk1p, which in turn phosphorylate key effectors of the DNA damage response (see references in [14] ), requires several additional factors, including the RFC-like and PCNA-like complexes. As outlined below, the initial recruitment of Mec1p to DNA damage relies on another factor, Lcd1p, which is itself phosphorylated by Mec1p.
Lcd1p: a DNA sensor for the Mec1p DNA damage response pathway?
Lcd1p (also known as Ddc2p [15] and Pie1p [16] ) was identified by Rouse and Jackson [17] in our laboratory as an open reading frame with sequence identity to several checkpoint proteins, including S. pombe Rad26. Yeast cells in which LCD1 is disrupted are very sensitive to a range of DNA damaging agents and to inhibition of DNA replication.
Phosphorylation and activation of Rad53p and Chk1p in response to DNA damage requires Lcd1p and cells that lack Lcd1p are defective in the G 1 /S and G 2 /M DNA damage checkpoints.
Rouse and Jackson showed co-immunoprecipitation of endogenous Mec1p with Lcd1p both before and after treatment with DNA damaging agents. They went on to show that Lcd1p and Mec1p bind to DNA in cell extracts but, while the binding of Lcd1p is independent of Mec1p, recruitment of Mec1p to DNA requires Lcd1p [14] . The results also indicated that the Mec1p-Lcd1p complex binds preferentially to linear DNA as opposed to circular DNA, suggesting that the complex may specifically bind DNA ends. Interestingly, given the model for damage sensing described in the previous section, DNA binding by Lcd1p is independent of Rad17p and Rad24p. Recombinant Lcd1p is also able to bind to DNA and this binding is impaired by mutations that abrogate Lcd1p's functions in vivo. To confirm these in vitro observations in vivo, Rouse and Jackson also investigated the recruitment of Mec1p to two types of DNA damage in vivo. These studies showed that Lcd1p is recruited to sites of DNA damage in vivo independently of Mec1p, but that binding of Mec1p to DNA requires Lcd1p [14] . These results provide strong support for a model in which Lcd1p might bind to DNA directly and recruit Mec1p to the DNA damage in a manner analogous to the targeting of DNA-PKcs to damage by Ku. Additional factors may be required for this process and we are currently investigating this possibility.
ATR-interacting protein (ATRIP): the DNA damage sensor for ATR?
Given the high degree of conservation in the DNA damage response pathways between yeast and humans, the above work suggested that there might be a human counterpart of Lcd1p that acts to recruit ATR to DNA damage. Studies that were carried out in silico in our laboratory identified a potential Lcd1p orthologue and our subsequent work confirmed that this factor does indeed bind ATR (P. Reaper and S.P. Jackson, unpublished work). Furthermore, in November 2001, Cortez et al. [18] reported the detailed characterization of this factor, ATRIP. These researchers reported that ATRIP is phosphorylated by ATR, regulates ATR expression and is an essential component of the DNA damage checkpoint. Both ATR and ATRIP localize to intranuclear foci after DNA damage or inhibition of replication. ATRIP is therefore an excellent candidate for a human Lcd1p orthologue, although there is very little sequence identity between the two proteins.
Localization of proteins to DNA damage-induced foci
Many of the proteins discussed so far and several other key proteins of the DNA damage response translocate to specific nuclear locations after the induction of DNA damage. These locations or foci, which are believed to correspond to the actual sites of DNA damage [19] [20] [21] , can be visualized using indirect immunofluorescence and have often been used as a readout of the DNA damage response. Nevertheless, we still have little insight into their composition or their biological importance.
The recruitment of one particular group of proteins to nuclear foci has attracted particular attention. This complex (MRE11-RAD50-NBS1 in humans; NBS1 is replaced by Xrs2p in yeast) is involved in several aspects of the cellular response to DSBs, including checkpoint control and DNA repair [22] . MRE11 is homogeneously distributed throughout the nucleus in resting, undamaged cells; however, within 30 min of treatment in vivo with agents that cause DNA DSBs, MRE11 relocates to nuclear foci [21] . MRE11-containing foci formed this soon after DNA damage are small and numerous and have been termed type II foci [23] ; however, from approx. 4 h after DNA damage induction onwards, a second type of MRE11-containing foci appears, which is termed type III or ionizing radiation-induced foci (IRIF) ( [24] and reviewed in [22] ). By this time, DNA repair is largely completed. Consequently, we and others have proposed that IRIF might correspond to lesions that are particularly difficult to repair [12, 23] . This suggestion ties in well with the observation that IRIF formation is defective in cells that lack ATM [23] , indicating that this event may be involved in checkpoint signalling of intransigent DNA lesions.
MRE11 has an intrinsic DNA binding activity that is stimulated by RAD50 alone or in combination with NBS1 (reviewed in [22] ). Furthermore, atomic force microscopy experiments have indicated that the MRE11 complex associates preferentially with the ends of linear DNA molecules [25, 26] . Recently, Hopfner et al. [27] published crystallographic data that indicate that RAD50 forms a hook-like structure that can link together the DNA binding heads on two MRE11 complexes. In this way, the DNA binding of two apparently independent MRE11 complexes can be integrated so that sister chromatids in homologous recombination and DNA ends in NHEJ can be brought together.
Even though the MRE11 complex can bind DNA directly, a human protein named mediator of DNA damage checkpoint 1 (MDC1) has been identified recently (M. Stucki, M. Goldberg and S.P. Jackson, unpublished work), which we believe is involved in the recruitment of MRE11 complexes to IRIF. MRIF1, which contains a forkhead-associated domain at its N-terminus and two BRCA1 C-terminal domains at its C-terminus, rapidly relocalizes in vivo to distinct nuclear foci in response to ionizing radiation. Our experiments to date indicate that these foci also contain the MDCA1 complex and other proteins known to associate with sites of DNA DSBs such as phosphorylated histone H2AX [28] and 53BP1 [29] . Furthermore, down-regulation of MRIF1 by RNA interference abolishes the formation of MRE11-containing foci. Our results therefore lead us to speculate that MDCA1 recruits the MRE11 complex to sites of recalcitrant DNA DSBs.
The future
We are at last getting some insights into the molecules involved in the earliest stages of DNA damage detection and into the assembly of complexes at sites of damage that enable DNA repair and the other cellular responses to DNA damage to be co-ordinated. Major questions remain to be answered, not least being what is/are the DNA sensor(s) and how do they physically interact with DNA damage? For the mammalian NHEJ repair pathway for DNA DSBs, the first part of this question seems to be largely answered, but our knowledge about exactly how DNA damage is detected and signalled to other important genome surveillance pathways in the cell, in particular cell-cycle checkpoints, is still sketchy. One strong possibility, given our current knowledge, is that inducible targeting of kinases to their required cellular location via an associated subunit (as exemplified by Ku and DNA-PKcs) will be a generally applicable paradigm. By understanding these earliest stages of the DNA damage response, the hope is that we will gain important insights into the maintenance of genomic stability, information that could lead to new ways to treat and/or prevent cancer.
